Half-Heusler compounds containing Ni of the form NiMP, where M is a trivalent ͑Sc͒ or tetravelent ͑Ti, Zr, Hf͒ ion and P is a pnictide or stannide ion ͑Sb, Sn͒, are known to form semiconducting phases for M ϭSc and PϭSb as well as when MϭTi,Zr,Hf and PϭSn. However, the electronic structure of these compounds depends sensitively on the relative arrangements of the atoms within the unit cell, changing from a narrow-gap semiconductor to a zero-gap semiconductor to a metal, depending on which of the three atoms lies in the octahedrally coordinated pocket of the NaCl substructure formed by the other two atoms. We have carried out extensive calculations of the total energy for these systems using an all-electron, full-potential method within density-functional theory ͓using both the local-density approximation and the generalized gradient approximation͔ to clarify some of the conflicts in earlier calculations using pseudopotential and linear muffin-tin orbitalatomic-sphere approximation methods. The minimum-energy configuration for each of these systems occurs when the Ni atom occupies the octahedrally coordinated pocket formed by the other two elements MP. By comparing the energies of the binary compounds arising from different arrangements of the atoms within the unit cell, we find that the stability of the lowest-energy configuration of the ternary system derives from the energy gained from two sources. The largest source is MP forming in the NaCl substructure rather than a diamond substructure, in agreement with the previous pseudopotential calculations of Ogut and Rabe. Also important are the Ni atoms lying in the octahedrally coordinated pockets and bonding with four M and four P nearest-neighbor atoms rather than forming a part of the NaCl substructure itself. The energies of antisite defects have been investigated by studying the supercell (NiMP) 4 formed in the simple cubic structure with individual atoms moved from their ideal positions. We find that the idealized half-Heusler structure ͑formed by three interpenetrating fcc lattices͒ has the lowest energy (E 0 ) while structures where Ni atoms move out of a fcc arrangement, but remain within the octahedrally coordinated pockets of MP, have energies of 0.5-eV/unit cell higher than E 0 , while structures with disorder in the MP NaCl substructure have energies about 1.5-eV/ unit cell higher than E 0 . Since the MP disorder and not the Ni disorder is seen experimentally at low temperatures, this Ni disorder may be annealed out while the MP disorder is quenched.
I. INTRODUCTION
Compounds formed in the half-Heusler structure have proven to be an important class of materials in recent years. By chemically tuning the constituents, these materials can change from semiconducting ͑such as NiZrSn, which is of great current interest for thermoelectric applications, 1-3 ͒ to half-metallic Mn compounds, such as NiMnSb, 4 to fully metallic NbIrSb and CoTiSn. 5 Even for a given set of three elements, say Zr, Ni, and Sn, the arrangement of the atoms within the unit cell can strongly affect the electronic structure. It is therefore critical to understand the energetics of structures with different types of atomic arrangements.
There has been some confusion concerning NiZrSn-type half-Heusler compounds regarding the nature of the ordering of the atoms within the unit cell and which ordering gives the lowest energy. Ogut and Rabe 3 ͑OR͒, using the local density approximation ͑LDA͒ and the pseudopotential plane-wave method, have studied the stability of NiZrSn within three possible configurations and correctly identified the configuration of atoms with the lowest energy, the same configuration as seen experimentally. 6 They, however, concluded that the inclusion of Ni atoms into the octahedrally coordinated pockets of the NaCl-type basis structure ZrSn had energetically very little effect on the stability of the final compound NiZrSn. This would imply that the Ni atoms essentially enter the above pockets as neutral atoms and do not take part in any sort of bonding with the neighboring Zr and Sn atoms. However, subsequent all-electron full-potential linearized augmented plane-wave ͑LAPW͒ calculations ͓using LDA and the generalized gradient approximation ͑GGA͔͒ of these materials 1 showed that the hybridization of Ni orbitals with the surrounding Zr and Sn orbitals played a significant role in the gap formation, the effect of Ni atoms was not simply to lower the local symmetry of the binary compound leading to additional hybridization between Zr and Sn orbitals forbidden in the absence of Ni, as envisaged by OR. Therefore, the importance of Ni atoms in the energetics of the stability of the different configurations needs to be investigated in detail.
Furthermore, a recent paper by Ishida et al. 7 analyzed the structural stability of a series of half-Heusler compounds ͑without reference to the results of OR͒, using the linearized muffin-tin orbital method in the atomic-sphere approximation ͑LMTO-ASA͒ method and LDA, and found that the lowest-energy configurations for most members studied were different from those seen experimentally. This puzzling difference has motivated us to look at the structural stability question using the full-potential LAPW method and both LDA and GGA. We have found that the configuration of the three atoms inside the unit cell which gives the lowest energy agrees with that seen experimentally for all the cases studied.
In order to understand the effects of defects in the halfHeusler structure, a supercell, (NiMP) 4 , was used for calculations with individual atom's positions different from that of the ideal half-Heusler structure. We have found that certain rearrangements of atoms within this cell are more favorable than others, and we conjecture what effect these antisite defects might have on the electronic structure.
The major point of this paper is to explain the differences between the previous results and ours and to develop a physical understanding of the structural stability of these compounds. In Sec. II we discuss the crystal structure and the method we have used to calculate the total energy of the crystal. In Sec. III we discuss the energetics of the ordered NiMP structures, in Sec. IV we discuss the energetics of antisite defects within the NiMP structure, and in Sec. V we give a summary.
II. CRYSTAL STRUCTURE AND METHOD
Ni-containing half-Heusler compounds, NiMP, with M ϭSc,Ti,Zr,Hf and PϭSn,Sb form in the MgAgAs structure type ͑space group: F4-3m). The experimental crystal structure 6 shown in Fig. 1͑a͒ has the NaCl substructure with four Ni atoms within the eight octahedrally coordinated pockets produced by four M and four P atoms. In the full Heusler compound, Ni 2 MP, all eight octahedrally coordinated sites are occupied by Ni atoms.
Electronic structure calculations were performed using the self-consistent full-potential LAPW method 8 within densityfunctional theory 9 ͑DFT͒ using both LDA of Perdew and Wang 10 and GGA of Perdew, Burke, and Ernzerhof 11 for the exchange and correlation potential. The calculations were performed using the WIEN97 package. 12 The values for the atomic radii were chosen in such a manner to minimize the regions between atomic spheres. For each different configuration of the same three elements, the same atomic radii were chosen for each element ͑Table I͒. Ishida et al. 7 state that their results were sensitive to the values of the atomic-sphere radii chosen, so extra care has to be taken so that this does not lead to spurious results. Convergence of the selfconsistent iterations was obtained with 73 k points in the reduced Brillouin zone to within 0.0001 Ry, with a cutoff between valence and core states of Ϫ6.0 Ry. Scalar relativistic calculations were performed since the spin-orbit interaction did not change the energies significantly in these compounds.
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III. ENERGETICS OF VARIOUS ORDERED STRUCTURES
A. Results for ternary compounds
The possible configurations of the constituent atoms within the unit cell can be written in the same shorthand notation used by Ishida et al. 7 This notation denotes the Ni atom as X, the M atom as Y, and the P atom as Z. The order of X, Y , and Z tells the relative positions of the atoms within the cell. The first letter refers to the atoms within the octahedrally coordinated pockets located at the position ͑ The total LAPW-GGA energies of one system of interest, NiTiSn, for these three different configurations of the constituent atoms in the unit cell as functions of the lattice parameter of the unit cell are given in Fig. 2 ͑the lowest energy is set to zero͒. Due to symmetry, interchanging the positions of the atoms composing the NaCl substructure without changing the position of the atom within the octahedrally coordinated pocket gives the same energy within the convergence prescribed by the self-consistent iterations. ͑Note that elemental site switching for a fraction of the NaCl substructure can affect the total energy and the ternary's semiconducting gap. 3, 13, 14 ͒ The configuration which has the lowest energy is XY Z where the Ni atoms lie in the octahedrally coordinated pockets. The energy difference between this lowest-energy structure (XY Z) and the other two structures is about 2 eV/unit cell. The equilibrium lattice parameters for the Y XZ and ZY X configurations also differ by about 0.2 Å from that of the XY Z, the XY Z structure being more compact, and there is a small energy difference between the YXZ and ZXY arrangements which is less than 0.1 eV/unit cell. These results are consistent with the earlier calculations for NiZrSn, 3 see Fig. 3 . Our LAPW-GGA results for the six different compounds investigated by Ishida et al. 7 are listed in 3 In order to see whether the differences between LMTO-ASA and LAPW results are due to the difference between LDA and GGA, the energy differences within LAPW were calculated using LDA for NiZrSn. GGA and LDA energy differences are found to be within 1-2 %. It should also be noted that the lattice parameters for the lowest-energy configuration (XY Z), where Ni atoms occupy the octahedrally coordinated pockets of the NaCl substructure formed out of Y Z, agree fairly well with the experimental values whereas the configurations with Ni in the NaCl substructure (Y XZ and ZY X) tend to have a larger lattice parameter by 3-6 % which are in poor agreement with experiment.
A comparison of the electronic structures of the three different configurations shows that interchanging the position of the atoms within the unit cell has a profound effect. The electronic structures of the NiTiSn system is given in Fig. 4 in the XY Z ͑NiTiSn͒, ZY X ͑SnTiNi͒, and Y XZ ͑TiNiSn͒ configurations, respectively. These results agree with the previous calculations 7 where the lowest-energy configuration, NiTiSn, forms a narrow-gap semiconductor, with the top of the valence band at ⌫, and the bottom of the conduction band at X. The SnTiNi structure forms a zero-gap semiconductor where the lowest conduction band along ⌬ moves down drastically such that its minimum is degenerate with the top of the valence band. In the highest-energy configuration, TiNiSn, a conduction band moves down dramatically near the X point and a valence band goes up near the K point to give a metallic system. The above-mentioned trends for the closure of the gap exist for all the four semiconducting compounds studied ͑NiTiSn, NiHfSn, NiZrSn, NiScSb͒. For NiZrSn, the semiconducting XY Z configuration changes to a zero-gap semiconductor in the ZY X configuration and becomes completely metallic in the Y XZ configuration ͑Fig. 5͒. This is in complete agreement with the earlier pseudopotential calculations of OR. 3 It is unclear from the paper of Ishida et al. 7 which lattice constants were used in their calculations. Also, the values of the energy differences between the different configurations were not given and the nature of the electronic states of these half-Heusler compounds in configurations other than XY Z were not discussed. In view of our present calculations, their suggestion that these half-Heusler systems can exist in configurations other than XY Z it is not very likely. Also it would disagree with several experiments on these materials. 
B. Results for binary subsystems with fixed and relaxed lattice parameters
Since we have found that the XY Z configuration has the lowest energy for each of the systems studied, it is important to understand which pairs of elements within a particular configuration contributes most to the total stability of the ternary compound. In order to understand the relative energy contributions to the binding energy of pairs of atoms in the unit cell, we follow OR who performed energy calculations of binary subsystems which appear in different ternary configurations. This technique may be crude, but it can give information about which types of bondings are important in the stability of the half-Heusler structure. In order to better understand the energetics of the ternary systems, the lattice parameters were relaxed within LAPW-GGA and LAPW-LDA to find the lowest-energy configuration. We want to understand whether this relaxation of the lattice parameters has any effect on the energetics of the binary compounds. For example, let us consider the NiZrSn system and the NiZr binary. In the XY Z configuration, NiZr forms a diamond structure whereas in the ZY X configuration NiZr forms a NaCl structure. It is important to understand how the energy differences associated with the binary compounds change as the lattice of the ternary compound is relaxed. In the analysis of the binary systems energetics carried out by OR, all energies for the binaries were calculated at the same lattice parameter, but they were compared with the energies of the ternary compounds obtained at different lattice parameters. This appears to be inconsistent because one should allow for lattice relaxation effects in comparing the energies of the binaries also. But before doing that we first discuss the binary energy calculations following exactly the same method of OR, but using the all-electron LAPW method ͑both within LDA and GGA͒ to see if there are differences in relative energies that depend on the method of calculation ͑pseudopotential vs LAPW both using LDA͒ and the different approximations to the exchange and correlation potential ͑LDA vs GGA within LAPW͒. Our results are given in Table III .
The first column of Table III gives the names of the binary systems of interest. The following three columns give the crystal structure of the binary derived from the halfHeusler structure. The last three columns give the energy differences between different configurations. The same lattice parameter, 11.546 a.u., was used in all the calculations. First, it is important to compare the energy differences within LDA comparing pseudopotential and LAPW methods. The difference in energy between the XY Z and ZY X/Y XZ configurations in ZrSn agrees very well with OR's result. On the other hand, the NiZr energy difference is 0.50 eV compared to 0.26 eV found by OR. Similarly, the energy difference between the diamond and NaCl structures of NiSn is found to be 0.76 eV compared to 0.23 eV found by OR. The diamond structure for NiZr has the lowest energy, as does the diamond structure of NiSn and the NaCl structure of SnZr, all of which as found in the ternary XY Z configuration of NiZrSn. The energy differences for SnZr in the NaCl and diamond phases are larger than the energy differences found between the diamond and NaCl phases of NiZr or NiSn, but not as large a difference as a factor of 10 found by OR, but more on the order of a factor of 3 or 4. The results from the pseudopotential calculations 3 indicate that in the ternary NiZrSn compound, the Ni d contribution is inconsequential near the Fermi energy, while a significant Ni d state contribution is found just above the Fermi energy in a more accurate LAPW calculation.
1 Finally, a comparison of of LDA and the GGA results in LAPW shows that the energy differences for the ternary compounds change very little. The energy difference between the XY Z and ZY X/Y XZ configurations is slightly larger using GGA ͑by about 0.30 eV/unit cell͒, but the energy differences between the XY Z and ZY X/Y XZ configurations for NiZr and NiSn are lower than the LDA results ͑by about 0.25 eV/unit cell͒. In fact, the pseudopotential-LDA agrees better with LAPW-GGA rather than with LAPW-LDA.
The above binary subsystem energetics calculations were carried out for the same lattice parameter. But we know that the equilibrium lattice parameters can differ by a large 
amount depending upon the structure (XY Z, ZY X, Y XZ).
To get a better understanding of the relative importance of pairs of atoms in the structural stability, we carried out energy calculations for the binary subsystems within both LDA and GGA ͑Table IV͒ using the relaxed lattice parameters of the ternaries, rather than a fixed lattice parameter appropriate for the ternary with the lowest energy. As before, the first column lists the binary compounds while the next three columns give their crystal structure as derived from the halfHeusler structure and the respective equilibrium lattice parameters. The last three columns list the energy differences between the configurations of the binary compounds. For NiZrSn the energy difference between the XY Z and the ZY X(Y XZ) configuration for LDA is 2.50 eV ͑2.98 eV͒/ unit cell and for GGA is 2.30 eV ͑2.68 eV͒/unit cell whereas the difference between the energies of the ZrSn substructure originating from the XY Z and ZY X(Y XZ) configurations for LDA is 1.99 eV ͑1.89 eV͒/unit cell and for GGA is 1.78 eV ͑1.71 eV͒/unit cell, about three-fourths of the energy gain found in the ternary. The energy difference between the XY Z and ZY X structures for NiZr is 1.081 eV for LDA and 1.160 eV for GGA, 30-50 % less than that for ZrSn. Similarly, the energy difference between the XY Z and Y XZ structures for NiSn is 1.491 eV for LDA and 1.304 eV for the GGA, each about 25% less than that for ZrSn. Comparing these numbers to those obtained at fixed lattice parameters, it is clear that relaxation has a strong effect on the relative energies of the binary compounds. For example, comparing the NaCl and diamond phases of NiZr and ZrSn, for GGA the NiZr energy difference is only 10% of that for ZrSn using the fixed lattice parameters but becomes 65% that of ZrSn using the relaxed parameters. We have found that the LAPW-LDA and LAPW-GGA energy differences were very similar to the pseudopotential-LDA energy differences when the lattice parameters were fixed. Also, the LAPW-LDA and LAPW-GGA energy differences using the relaxed lattice parameters were very similar. Since the difference in the energies depends most strongly on relaxation or no relaxation of the lattice parameters, either LDA or GGA can be used to compare the energies of different configurations.
The energy gained from ZrSn forming in the NaCl structure is larger than the energy differences when NiSn or NiZr form in the diamond instead of the NaCl structure. Therefore, ZrSn forming the NaCl framework of the ternary has the largest role of any pair of atoms in contributing to the structural stability of the half-Heusler compounds, in agreement with the findings of OR. 3 However, upon relaxation, the energy differences between different configurations for NiSn and NiZr are no longer small, and they play a substantial role in having the Ni form in the diamond structure with Zr or Sn. Therefore, although a major factor in the total stability of these ternary half-Heusler compounds is the ZrSn NaCl substructure, there is a significant contribution to this stability from the Ni atoms entering the octahedrally coordinated pockets.
From the arguments presented above, we believe the Ni atoms play an active role in the energy stabilization of these compounds. The position of the Ni atom within NaCl substructure or in the octahedrally coordinated pockets formed by the MP NaCl substructure controls whether the system is a narrow-gap semiconductor, a zero-gap semiconductor, or a metal. Comparison of the Ni d character overlying the plots of NiTiSn ͑Fig. 6͒ shows that the XY Z configuration has much more Ni d character approximately 2 eV below the Fermi energy while the Ni d character becomes more prominent near the Fermi level when Ni is moved to the NaCl substructure. This can be understood by the eightfold bonding within the pocket ͑to four Zr and four Sn at a distance ϳ2.6 Å͒ to fourfold bonding ͑to either four Sn or four Zr at a distance ϳ3.0 Å͒ when Ni is in the NaCl substructure ͑Fig. 1͒. The increased number of bonds stabilizes the structure so that the Ni acts more like a Ni atom.
A few general comments can be made about the results obtained when comparing the energies of the binary and ter- nary compounds. It should be noted that the ordering of energies of the ZY X and Y XZ structures is reversed for the binary compounds compared to the energies of their ternary parent compounds ͑when the XY Z structure forms a semiconductor͒. Therefore, the insertion of the third element must play some role in the stabilization of the energy ͑compare the final column of Table II with that of Table IV͒ . It is also interesting to note that the total energies of metallic NiTiSb and NiScSn for the Y XZ and ZY X are reversed with respect to which has the lower energy compared to the ordering of the semiconductors. In the case where the XY Z configuration forms a semiconducting state, the ZY X configuration forms a zero-gap semiconductor having a higher energy whereas the metallic Y XZ configuration has the highest energy. Since the XY Z, Y XZ, and ZY X configurations are metallic for NiTiSb and NiScSn, a zero-gap semiconductor cannot form to lower the energy of ZY X with respect to the metallic Y XZ. However, the XY Z configuration remains the ground state of NiTiSb and NiScSn, a combination of the stability of the MP substructure and the eightfold versus sixfold coordination of the Ni atom.
IV. ENERGETICS OF POSSIBLE ANTISITE DEFECTS IN THE NiMP STRUCTURE
Electronic structure calculations of NiMP compounds have shown to have a larger gap than has been measured experimentally 3, 13, 14 OR performed a series of calculations within the virtual-crystal approximation for Ni͑Sn 1Ϫx Zr x ͒͑Sn x Zr 1Ϫx ) for a few values of x lying between xϭ0 and xϭ0.5. They found that the band gap decreased with increasing x to produce a semimetal when xϭ0. 15. 3 This observation has been given as a possible reason for the smaller value of the experimental gap ͑ϳ0.187 eV͒ ͑Ref. 15͒ compared to the theoretical value of the orderd NiZrSn ͑ϳ0.51 eV͒. 13, 14 The above argument for the band-gap reduction is based on x-ray diffraction studies done at low temperatures ͑Ͻ250 K͒ which found antisite disorder in the ZrSn NaCl sublattice but no disorder in the Ni sublattice, out of a fcc configuration, after annealing. 16 The temperature range in which these materials are expected to be used for thermoelectric applications is anywhere from 300 to 700 K, 6 where the structure has not been fully investigated. In fact, a Ni-defect phase was detected before annealing with different lattice parameters a I and a II which disappear after annealing. 15 Therefore, defects in the Ni sublattice within the MP framework and their effect on the electronic structure need to be investigated.
Here we investigate the energetics of partial disorder of both the Ni and ZrSn sublattices by performing total-energy calculations using the cubic supercell (NiZrSn͒ 4 . By changing the positions of the 12 available atoms ͑four Ni, four Zr, four Sn͒ within the cell from their ideal half-Heusler positions ͑eight sites of the NaCl sublattice originally occupied by Zr and Sn atoms and four of the eight octahedrally coordinated sites originally occupied by Ni atoms͒, one can see which types of disorder are energetically more favorable.
We find that changing the positions of the Sn/Zr atoms with the Ni atoms or other Zr/Sn atoms within the supercell produces a fairly large increase in the energy. Using the same relaxed lattice parameter and atomic radii as in the fcc calculations, the total energies were calculated for the four systems listed in Table V ͑Fig. 7͒. As can be seen, switching one Ni and one Zr ͑Sn͒ atom increases the energy by a fairly large amount ͑1.71 eV/fcc unit cell and 1.98 eV/fcc unit cell͒ while switching one Zr and one Sn atom has a smaller energy increase ͑1.25 eV/fcc unit cell͒. This is in agreement with our earlier statements of the stability of the MP NaCl substructure and the greater stability of Ni atoms within the octahedral pockets of MP. In order to understand how the Zr/Sn environment about Ni affects the energy and the band structure, we interchanged one Zr and one Sn atom, first in high energy cost, but not as high a cost as moving the Ni atoms from the octahedrally coordinated pockets to the NaCl sublattice and ͑ii͒ in both cases the system becomes metallic. As mentioned previously, OR found that this system becomes a semimetal for 15% Zr/Sn disorder 3 while all of our calculations have at least 25% disorder.
A different scenario for antisite defects in half-Heusler compounds is for the Ni atoms not to arrange in a fcc configuration within the octahedrally coordinated pockets of MP, but rather have antisite defects form between the Ni atoms and the empty sites. In order to investigate this possibility, the total energies of several rearrangements of the Ni sublattice have been calculated, again using the same lattice parameter and atomic radii as for the relaxed fcc unit cell ͑Table VI͒. The first configuration is obtained by moving one Ni atom into one of the four empty sites ͓Fig. 8͑a͔͒; the second configuration is obtained by moving two Ni atoms into empty sites to form an eclipsed arrangement ͓Fig. 8͑b͔͒; and the third configuration is obtained by moving two Ni atoms into empty sites to form a staggered arrangement ͓Fig. 8͑c͔͒. The energy increases above the half-Heusler structure of these three configurations are much smaller than those associated with the rearrangements of the NaCl substructure by about a factor of 2 ͑0.6-0.8 eV/fcc unit cell compared to 1.3-2.0 eV/fcc unit cell͒. These systems are also metallic, but there are fewer bands crossing the Fermi energy compared to the systems with disorder of the NaCl substructure.
V. SUMMARY AND CONCLUSIONS
In summary, our LAPW-GGA and LAPW-LDA totalenergy calculations showed that in all the six compounds with half-Heusler structure that we have studied, the lowestenergy configuration is the one where the Ni atoms occupy the octahedrally coordinated pockets of the NaCl substructure formed by the other two elements. Since the metallic NiScSn and NiTiSb have this XY Z structure as its lowestenergy configuration, the formation of a semiconducting gap is not necessary to explain why this configuration has the lowest energy. The structural stability of these Ni-containing half-Heusler compounds ͑denoted as NiM P, M ϭSc, Ti, Zr, Hf; PϭSc, Sb͒ arises from two main sources. The first is the higher stability of the binary compound MP in the NaCl substructure over the diamond substructure. The second is the increased stability of the Ni d levels when placed within the pockets to form eight nearest-neighbor bonds rather than six nearest-neighbor bonds when Ni atoms are in the NaCl substructure. The compounds with M ϭSc and PϭSb as well as M ϭTi, Zr, Hf and PϭSn, in their lowest-energy configurations, have a finite electronic energy gap ͑narrow-gap semiconductors͒. The next-higher-energy configurations are zero-gap semiconductors and the highest-energy configurations are always metallic. These changes in the electronic spectrum occur when the Ni d orbitals become less stable and produce greater hybridization near the Fermi level leading to an overlap of the conduction band with the valence band near the X point. The energy difference between this lowest-energy configuration and the configuration where Ni forms a part of the NaCl substructure range from 1.5-2.5 eV/unit cell, so are likely not to be seen experimentally.
An analysis of the energetics of antisite defects using different configurations of atoms within the supercell (NiM P) 4 ͓specifically, (NiZrSn) 4 ͔, shows that rearrangements of the MP NaCl substructure cost between 1.3-2.0 eV/fcc unit cell, while moving Ni atoms out of a fcc arrangement but keeping them within the octahedral pockets costs only about 0.5-0.8 eV/fcc unit cell. Since the Ni disorder is not seen while Zr/Sn antisite disorder is seen in NiZrSn after annealing, 16 the Ni defects may be annealed out of the system while the ZrSn antisite defects, perhaps due to large energy barriers, may be quenched at low temperatures. Experimental measurement of the Ni disorder within the half-Heusler structure as a function of temperature is needed to better understand the energetics of Ni atoms within the octahedrally coordinated pockets. The Zr/Sn antisite disorder in NiZrSn is believed to be due to the similarity of the atomic radii of Zr ͑0.160 nm͒ and Sn ͑0.158 nm͒ ͑Ref. 15͒ and has been suggested as a mechanism to reconcile the differences between the band gaps found experimentally to those found in the electronic structure calculations of the ordered NiZrSn. 3, 13, 14 The effect of Ni disorder within the octahedrally coordinated pockets should also reduce the band gaps in the half-Heusler compounds. The experimental value of the band gap ͓ϳ0.187 eV Ref. 15͔ for NiZrSn has been found much smaller than the value found in electronic structure calculations of the ordered compound ͓ϳ0.51 eV Ref. 3͔. The electronic structure calculations performed by OR in the virtual-crystal approximation found that the band gap in NiZrSn decreased with increasing Zr/Sn antisite disorder until going to zero for about 15% disorder. 3 On the other hand, the atomic radii of Ti ͑0.147 nm͒ and Sn ͑0.158 nm͒ are quite different, so Ti/Sn antisite defects should be extremely rare in NiTiSn. 15 However, the experimental value of the band gap in this compound ͓ϳ0.120 eV ͑Ref. 15͔͒ is also much smaller than that of the ordered NiTiSn obtained from electronic structure calculations ͓ϳ0.51 eV ͑Ref. 3͔͒. Since one system displays antisite disorder in the NaCl sublattice while the other does not and yet the experimental and theoretical values of the band gap barely change, it seems unlikely that antisite disorder alone can explain the experimental and theoretical bandgap difference. Another mechanism seems necessary for explaining this difference. The fault may lie in the accuracy of the current electronic structure calculations ͑within LDA and GGA͒ to predict band gaps accurately. LDA ͑and GGA͒ is known to underestimate the band gaps in several systems. 17 Improved methods beyond the LDA ͑and the GGA͒, such as the GW method, 17 include correlation effects which have proven important in understanding the size of the gap in binary semiconductors and should be applied to the ternary systems studied in this paper.
